INTRODUCTION
Human hemoglobin C, in which lysine replaces the normal glutamic acid at the sixth residue of the beta polypeptide chain, is encountered in the heterozygous (A/C), the homozygous (C/C), and the double (with Hb S) variant (S/C) state. Target cells on dried blood smears are frequently noted in association with Hb C. Hemoglobin C trait (A/C) is without other clinical manifestations, whereas in hemoglobin C disease (C/C), a compensated hemolytic state and splenomegaly are found. The double variant, Hb S/C disease, is clinically more severe and its frequency greater than C/C disease, since hemoglobin S has a greater prevalence than Hb C in individuals of African ancestry.
Hemoglobin S/C disease is a form of sickle cell disease, generally milder than sickle cell anemia (S/S), with vasoocclusive crises, moderate anemia, frequent splenomegaly, and other complications associated with sickling. Although target cells are found in Hb S/C disease, the dominant findings are related to sickling of the erythrocytes on deoxygenation.
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The sites of the amino acid substitutions of hemoglobin C and hemoglobin S are the same, the glutamic acid at beta 6 replaced by lysine and valine, respectively. The oxygen equilibria of dilute solutions of both hemoglobins are normal, including reactivity toward 2,3-diphosphoglycerate and CO2 (1) . Both hemoglobins C and S are less soluble than normal hemoglobins and are known to polymerize readily (2) . The solubility of Hb S decreases on deoxygenation, resulting in intracellular fiber formation and changes in the erythrocyte shape (sickling) (3) . Deoxyhemoglobin C is also less soluble than deoxyhemoglobin A, but the difference is much less than that in Hb S. Abnormal physical properties (4, 5) are found in oxygenated as well as in deoxygenated cells containing Hb C.
In earlier studies we and others (6) (7) (8) have demonstrated binding of hemoglobin A to erythrocyte membranes. The method used in those and in the present studies utilized a fluorescent chromophore embedded in erythrocyte membranes prepared by hypotonic lysis: when hemoglobin approaches the chromophore, 12-(9-anthroyloxy)stearic acid, the fluorescence is quenched by an energy transfer mechanism. With this method, high affinity sites for hemoglobin A on the cytoplasmic surface of the membrane had been found. Hemoglobin A is bound electrostatically under conditions of low pH (5.8 to 6.5) and low ionic strength. Although electrostatic forces were found to attract hemoglobin to the cell membrane, hydrophobic forces may also play a role (6, 7). The binding of Hb A is reversible, but a fraction of Hb S may be irreversibly bound. The reversible binding of hemoglobins A and S is competitive with that of glyceraldehyde-3-phosphate dehydrogenase (GAPD),' an enzyme that binds to band 3 of the erythrocyte membrane (9) .
As a result of the substitution of valine for glutamic I Abbreviations used in this paper: GAPD, glyceraldehyde-3-phosphate dehydrogenase; 5PB6, 5 mM sodium phosphate buffer (NaPi), pH 6.0; 10, inside-out erythrocyte vesicles; RO (12) . Ghosts were labeled with AS (see above), homogenized and layered on a Dextran T-70 density barrier, followed by centrifugation at 35,000 rpm for 2.5 h. Sidedness of the vesicles that remained in the top band of the barrier was confirmed by the GAPD accessibility assay. The sealed inside-out ghosts were dialyzed as described above.
RESULTS
Fluorescence quenching by oxyhemoglobin: a comparison of Hb A and Hb C. The interaction of Hb C with ghosts was compared with that of Hb A. Because bound hemoglobin causes quenching of the fluorescent probe (6), the relative affinities of the two hemoglobins for the membrane could be determined by their ability to quench fluorescent-labeled ghosts.
At the same hemoglobin concentrations, Hb C quenched more of the fluorescence intensity than did Hb A (Table I) . Since the two hemoglobins have the same spectral properties, their energy-transfer parameters were assumed to be identical. Therefore, the greater quenching observed with Hb C was attributed to its higher affinity for the erythrocyte membranes. After a 1-min incubation of hemoglobin and ghosts at low ionic strength, the ionic strength was increased by addition of NaCl: -90% of the fluorescence of the Hb A-membrane preparation and of the Hb C-membrane preparation returned. Experiments were also performed using hemoglobin A2, a normal minor hemoglobin component that differs from Hb A by ten residues in the nonalpha chain (13) and has a charge similar to Hb C. Hemoglobin A2 bound to the ghosts to the same extent as did Hb C; addition of NaCl restored the fluorescence of the Hb A2 solution to approximately the same level as that seen with the other hemoglobins. Since both Hb A and GAPD are known to bind to band 3 cytoplasmic fragments (7, 9) , the ability of GAPD to reverse hemoglobin quenching was also tested. The competition experiments with GAPD were designed to differentiate between two possible situations: (a) increased quenching by Hb C and Hb A2 might result from their greater affinity for the band 3 sites; or (b) increased quenching by Hb C and Hb A2 might be the outcome of the binding of these hemoglobins to additional membrane sites. The restoration of fluorescence by the addition of GAPD shown in Table I indicated that Hb C and Hb A2 had higher affinities for band 3 than did Hb A. When the binding of an S/C hemolysate (about 50% Hb S and 50% Hb C) with the same membrane preparation was examined, the same proportion of fluorescence was restored as that shown for Hb C alone.
Interaction of deoxyhemoglobins with the erythrocyte membrane. Both deoxyhemoglobins A and C were bound to labeled ghosts to a lesser extent than did the liganded forms (Table I) Dependency of Hb C interaction with the membrane on pH. The ability of Hb C to interact with the erythrocyte membrane at pH values > 6.0, and therefore, closer to physiological hydrogen ion concentraton, was followed in a series of experiments. The same concentraton of Hb C was added to membranes that had been diluted to identical concentrations with buffers at various pH values. The results were compared with the findings for binding of Hb A in this pH range using the same ghost preparation. From Fig. 2 , it is evident that although the affinity of Hb A at pH 7.0 was only 10% of that observed at pH 6.0, the affinity of Hb C at pH 7.0 was still 75% of the maximal (pH 6.0) value.
Calculation of the binding constant of Hb C and of Hb A to the erythrocyte membrane at pH 6.8. Binding constants for the two proteins at pH 6.8 were determined essentially as described previously (15) . (9) . The fast "on" reaction rate constants calculated were: k = 0.55±0.1 X 106 S-1 M-1 for hemoglobin A and 1.0±0.2 X 10 s-' M-1 for hemoglobin C.
In Fig. 4 Scale based on initial fluorescence of the 10 vesicles (21.2 Mg membrane protein/ml) given as 100%. Readings were taken after 1-min incubations of the hemoglobins with the vesicles.
The kinetics of hemoglobins C and A in the deoxy state followed the same trend as in the oxy state: the rate of Hb C was double that of Hb A for the on reaction, and was approximately one-half the Hb A value for the off reaction.
The interaction of inside-out membranes with hemoglobins. To verify the cytoplasmic site of the membrane binding of hemoglobin, experiments were done using inside-out (10) vesicles. When Hb A, C, or S was added to AS-labeled 10 Fig. 3 show that the binding constant of Hb C at pH 6.8 (35 X 106 M-') was slightly lower than the binding constant for Hb A at pH 6.0, calculated previously to be 80 X 106 M- (6) .
That the binding of hemoglobin can be best demonstrated in solutions of low ionic strength appears to reflect, at least in part, the low concentrations of hemoglobin that must be used in these studies. In the intact human erythrocyte, the concentration of hemoglobin is 25,000 times that used in these studies, while the ionic strength is 30 times greater. The electrostatic nature of the binding was confirmed by the increased binding observed with increased hemoglobin concentration and with decreasing ionic strength. Increased binding in solutions of low ionic strength has also been found with GAPD; Kliman and Steck (16) suggest that in the case of GAPD some ions exert ligand effects in addition to salt effects.
Kinetic experiments were performed to analyze the mechanism responsible for the differences between hemoglobins A and C. The data show that the rate of the combination reaction of Hb C with the erythrocyte membrane is higher than that calculated for Hb A at the same pH. The on rates for each hemoglobin appear to depend on pH, as shown by the comparison of rate constants in this study for Hb A at pH 6.8, and the earlier results at pH 6.0 (15). The off rates calculated at pH 6.8 indicate that Hb C dissociates from the membrane at a somewhat lower rate than does Hb A. The differences in both on and off kinetic rate constants for the two hemoglobins account for the differences between their affinity constants as determined by the steady-state data. Thus, the binding constant for Hb C as calculated from the rate constant is the same (within experimental error) as that calculated from the equilibrium values. The high affinity of Hb C for the erythrocyte membranes is comparable to the affinities reported for the glycolytic enzymes GAPD and aldolase (9, 19) . Hemoglobin C, normally present in the cell at much higher concentrations than these enzymes, might impair their binding to the membrane. Experiments in this and previous work have shown that the affinities of hemoglobin C and of S for the membrane exceed that of Hb A (20) . Hemoglobin A2, which has a positive charge similar to Hb C, also bound to normal ghosts to a slightly greater extent than did Hb A. As shown in Table I , when the ionic strength was sufficiently elevated, similar proportions of Hb C, Hb A, and Hb A2 dissociated from the membrane. The data indicate that the binding of hemoglobins C and A2 closely resemble that of Hb A. In each the interaction was electrostatic and addition of GAPD restored the fluorescence intensity to about the same degree. The competition with GAPD suggests that hemoglobins C and A2 (like Hb A) are bound to band 3 cytoplasmic fragments, which are considered to be highaffinity and reversible binding sites. (There are, in contrast, lower affinity and less reversible sites such as phosphatidyl serine [7, 21] .) It should be noted, however, that small amounts of NaCl (0.01-0.03 M, final concentration) released a greater proportion of Hb A or Hb A2 than of Hb C or Hb S from the membrane. Even large amounts of NaCl or GAPD may not completely disengage all the Hb S bound to the ghosts (20) . The apparent differences in the dissociation of hemoglobins A2, C and S from the ghosts imply that the net charge of the molecule may not be the only factor affecting the interaction of a hemoglobin with the membrane.
Deoxy Hb C is also less soluble than deoxy Hb A, and intracellular aggregates have been observed in the variant (2). Fabry et al. (22) recently reported that erythrocytes from splenectomized Hb C/C patients had a greater viscosity when deoxygenated than when in the oxy state. The difference in viscosity was smaller in cells from nonsplenectomized Hb C/C subjects; this suggests an effect of intracellular aggregates of Hb C on erythrocyte membranes that is ameliorated by passage of the erythrocytes through the spleen. In the present studies a reversible electrostatic binding of Hb C to erythrocyte ghosts appeared to occur under physiologic conditions. The greater binding of Hb C than of Hb S might protect the membrane from Hb S in cells containing both hemoglobins.2
